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POLARIZED WAVE HOLDING OPTICAL FIBER, PRODUCTION METHOD THEREFOR, CONNECTION 
METHOD THEREFOR, OPTICAL AMPLIFIER, LASER OSCILLATOR AND POLARIZED WAVE HOLDING 
OPTICAL FIBER COUPLER. 



© A polarized wave holding optical fiber (10) of the present invention includes a plurality of core portions (12a, 
12b) in a high refractive index region that are juxtaposed in a radial direction of an optical fiber, and three core 
portions (12a, 12b) integrally propagate one fundamental mode. A method of producing a polarized wave holding 
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optical fiber according to the present invention comprises forming a plurality of holes <22\ in naralM with ™ 0 

a high refractive index as core portions into these holes (22). heating and integrating them togeS to form a 
base material, and me.t-spinning the base material. A polarized wave holding opL. fiber contaSg a rare eTrth 
element accord.ng to the present invention is formed by adding a rare earth element to aTavZfde portion of 
the polanzed wave holding optical fiber, and an optica, amp.ifier and a laser oscillator utilize this potized wave 
hoding optical fiber. A polarized wave holding optica, fiber coupler according to the present TnvenS connects 
at least two polanzed wave holding optical fibers, and heats, fuses and stretches them. ^eZnecfon method 
compnses heat.ng porftons near the coupling point before and after connection connection method 



FIG. 1A 
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Technical Field 

The present invention relates to a polarization-maintaining optical fiber, which can be used in a variety 
of optical fiber sensors or the like, to a method of production and to a connection method therefor, and to a 
5 light amplifier, a laser oscillator and a polarization-maintaining optical fiber coupler. 

Technical Background 

Various polarization-maintaining optical fibers are conventionally known. Figures 22 (a)-(d) show 

10 representative examples of conventional polarization-maintaining optical fibers. The polarization-maintaining 
optical fiber in Figure 22(a) is referred to as an elliptical core type. This elliptical core type polarization- 
maintaining optical fiber lifts the degeneracy of two orthogonal polarization modes by breaking the circular 
symmetry of an ideal fiber with a circular core, and is designed so that the propagation constant between 
the modes may differ, and so that polarization may be maintained. 

75 Figures 22(b), 22(c) and 22(d) show polarization maintaining optica! fibers of types referred to, 

respectively, as an elliptical cladding, a bow-tie, and a PANDA type. These polarization-maintaining optical 
fibers are designed to lift the degeneracy of two polarization modes by introducing stress, which is not 
circular symmetrical with respect to the center of the optical fiber, into the fiber. In the figures, the numeral 
1 indicates a core, 2 indicates a cladding, 3 indicates a jacket and 4 indicates stress-applying parts. 

20 The production technology for these polarization-maintaining optical fibers is disclosed in a number of 
publications, one example being J. Noda et al. "Polarization-Maintaining Fibers and Their Applications", 
Journal of Lightwave Technology, vol. LT-4, No. 8, August 1986, pp. 1071-1089. 

As is clear from the disclosure in this publication, the production method for a conventional polarization- 
maintaining optical fiber is not easy, so that the fiber is an extremely special fiber and has not been widely 

25 used. 

For example, for the PANDA type polarization-maintaining optical fiber, which is now most often used, a 
glass preform in the form of a rod with a core/cladding structure for a single mode optical fiber is first 
produced using the VAD method or the like. In another process, the glass rod which forms the stress- 
applying part is formed using the VAD method or the like. In order to make the coefficient of thermal 
30 expansion of this glass rod large, it is doped with boron oxide (B2O3) in an amount close to 20% by weight. 
However, breakage occurs extremely easily in the quartz glass which has been doped with this much B2O3 
due to its thermal contraction. Accordingly, considerable care must be taken during this process. 

Next, a pair of holes are drilled in the aforementioned core/cladding glass preform, and the glass rods 
which form the stress-applying parts are inserted into these holes. The PANDA type polarization-maintaining 
35 optical fiber is obtained by drawing the assembly as composed at this stage. 

In the conventional rod-in-tube method, a method wherein, after inserting the rods in a tube, the whole 
assembly is heated and collapsed to be a unitary structure, is employed. However, when this method is 
applied for the aforementioned glass rods which include the stress-applying parts, the collapsed glass rod 
break when cooled. 

40 As a result, even for the PANDA fiber, which is one of the most ordinary polarization-maintaining optical 
fibers, the production method is not easy, requires considerable time, and costs high. 

Further, in this production method, the process of drilling a plurality of holes in the glass rods which 
form the claddings is bothersome and, moreover, requires a special hole drilling device. In order to lower 
production costs, a greater simplification of the production process is necessary. 
45 Accordingly, a subject of the present invention is obtaining a polarization-maintaining optical fiber which 
can be easily produced and supplied at a low cost, and a production method therefor. 

With regard to a polarization-maintaining optical fiber coupler (hereinafter, referred to simply as 
"coupler") which carries out light branching, mixing, wave division and wave multiplexing between a 
plurality of optical fibers while maintaining the polarization of the propagated light, there are conventionally 
50 known those which employ polarization-maintaining optical fibers of the elliptical core type, the elliptical 
cladding type, the PANDA type or the like. 

As shown in Figure 23, such polarization-maintaining optical fiber couplers are produced by a method 
wherein two or more polarization-maintaining optical fibers 5,5 are contacted longitudinally at a certain 
portion, the portion is heated with an oxyhydrogen flame in this arrangement, and a coupled portion 6 is 
55 formed by fusing the contacted portion while at the same time gently elongating it. 

It is noted here that this production method is not limited to a polarization-maintaining optical fiber, but 
may be widely applied to general single mode optical fibers, and is technically established as a known 
technology. 
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However, the following problems exist in couplers of this type 

tion costs' SeSno U Sl° f p ° lar '* ation " maintainin 9 optica, fiber itself is difficult, incurring high produc- 
tion costs. Second ttie degree of freedom in the type of coupling of the coupler is limited Third in order to 
obtain a coupler with an efficiently low excessive loss, etc., it becomes necessary to change the ^tructurl 
des,gn or products method of the polarization-maintaining optical fiber itself 

sS? « ='™^ =x-xrrj = ess 

A single mode optical fiber in which such rare earth elements as neodymium (Nd) erbium <Er\ 

r P = an s d m L::r^. doped in the core is known — *• - «- y «5^.ss a 

of »he w^!!Z£!!T and ,aser oscillators ' rt is frequent,y necessary to contro1 the p° ia - ati - 

h™^ 9 u ° S °' 3 convent,on a' Polarization-maintaining optical fiber with a rare-earth- 

fibe'r wS: ra^e^hTSf - "T^ " ** ^ "** Pr ° dUCti ° n ° f P^rization-mJn Jn nToptiTa. 
fiber with a rare-earth-doped core, forming the polarization-maintaining optical fiber itself is difficult a stao 

zzszuzzz - — — - — ■ - - — . svstss 

Accordingly another subject of the present invention is obtaining a rare-earth-dooed oolarization 



25 Disclosure of the Invention 



The polarization-maintaining optical fiber of the present invention is designed so that a plurality of core 
portions each of which has a high refractive index may be provided in parallel along a Sngte diarneS 
fu damen'ta. mo dTI T"-" ° PtiCa ' »~ C ° r& P ° rtions cooperating toUpTgafe fsTng'e 

SE °z rf j rsg r ~ 

Further, the production method for the polarization-maintaining optical fiber accordino to the orient 
7aTZ: S a h T f h ° d ' k Pr ° dUCin9 the af ° reme nti0ned PO>ari 2 ation-maintaining opS fLr lore n the 

SZXZSlZStt SL'JZl ~ 

mn J h n, ti0n - mainta ' nin 9 °P« cal «*» coupler of the present invention is formed by contacting two or 

Z\^*ZT b0ned *>^°™*^ ^ fibers longitudinally, and Jen h^K E£ 

rv«il ^ *° lari2 f ion - maintainin 9 °P tical fiber connection method of the present invention when fusion 
oointTs hea^ p0 *" z f™-™**™9 °P tical fibers of th * P-sent invention the vicinhy of the cJnneSion 
SniSlTJJdJS' 0r r| aft t er h COnnection - Accordingly, i, is possible to eHminJ b.coSiSS in 
the pattern of the modal power d.str.butions at the connection between the present invention's oolarization- 

sr?s2i5is^r a shape - an e,,ipticai — - - - -ectric .tcee, 

tionTnlZij 1 rare - earth - d °P ed Polarization-maintaining optical fiber according to the present inven- 
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Further, because the light amplifier and laser oscillator of the present invention employ the aforemen- 
tioned rare-earth-doped polarization-maintaining optical fiber, they output an output light having excellent 
polarization characteristics. 

5 Brief Explanation of the Drawings 

Figure 1(a) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

Figure 1(b) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
io the present invention. 

Figure 1(c) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

Figure 1(d) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

75 Figure 1(e) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 

the present invention. 

Figure 1(f) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

Figure 2(a) shows the refractive-index distribution along the direction of the x axis of the polarization- 
20 maintaining optical fiber of the present invention. 

Figure 2(b) shows the refractive-index distribution along the direction of the y axis of the polarization- 
maintaining optical fiber of the present invention. 

Figure 2(c) shows the refractive-index distribution along the direction of the y' axis of the polarization- 
maintaining optical fiber of the present invention. 
25 Figure 2(d) shows the mode distribution along the direction of the x axis of the polarization-maintaining 
optical fiber of the present invention. 

Figure 2(e) shows the mode distribution along the direction of the y axis of the polarization-maintaining 
optical fiber of the present invention. 

Figure 3(a) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
30 the present invention. 

Figure 3(b) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

Figure 3(c) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

35 Figure 3(d) is a cross-sectional view showing an example of the polarization-maintaining optical fiber of 
the present invention. 

Figure 4(a) shows the refractive-index distribution of another example of the polarization-maintaining 
optical fiber of the present invention. 

Figure 4(b) shows the refractive-index distribution of another example of the polarization-maintaining 
40 optical fiber of the present invention. 

Figure 5 shows the intermediate preform in Example 1 of the present invention. 

Figure 6 is a cross-sectional view of the polarization-maintaining optical fiber obtained in Example 1 of 
the present invention. 

Figure 7 is a schematic perspective view showing an example of the production method of this 
45 invention. 

Figure 8 is a schematic cross-sectional view of the preform in one example of the production method of 
this invention. 

Figure 9 is a schematic plane view showing another example of the production method of this invention. 

Figure 10(a) is a cross-sectional view showing an example of the polarization-maintaining optical fiber 
50 coupler of the present invention. 

Figure 10(b) is a cross-sectional view showing an example of the polarization-maintaining optical fiber 
coupler of the present invention. 

Figure 10(c) is a cross-sectional view showing an example of the polarization-maintaining optical fiber 
coupler of the present invention. 
55 . Figure 1 1 (a) is a cross-sectional view showing another example of the polarization-maintaining optical 
fiber coupler of the present invention. 

Figure 11(b) is a cross-sectional view showing another example of the polarization-maintaining optical 
fiber coupler of the present invention. 
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the c?; P ;:rof vsz'sss^ relationship between wave,en9th and coupnn9 rati ° for - « 

Figure 13 shows the distribution of the electric field strength of the propagation mode for the 
CseTZZl 9 ° PtiCa ' " P0lari2ati - m **""9 optical fiber'connection meTod of the 

m Jt 6 J, 4(3) 1 dia 9 ramma,ica,| y show * ^e discontinuity of the distribution of the electric field of the 
modes for two polarization-maintaining optical fibers. 

m nHSf^J, 4(b) , dia9r . ammatiCa,,y Sh ° WS the discon «™«y <»» ^e distribution of the electric field of the 
modes for two polarization-maintaining optical fibers. 

m 0 H?f^J,! (C) 1 dia9rammatical, y shows the discontinuity of the distribution of the electric field of the 
modes for two polarization-maintaining optical fibers. 

modSwtvl! (d) , dia9r r matiCal,y Sh ° WS the discont inuity of the distribution of the electric field of the 
modes for two polarization-maintaining optical fibers. 

heater 6 ^ ^ 3 9raPh Sh ° Win9 Chan9e CrOSS - sectional sha P e of the propagation mode due to 

of th?prse 1 nt <a nJ:n a ti or S " SeCti0nal ^ Sh ° Win9 Po-ahzation-maintaining optica, fiber 

of ^Z^Un^Z 055 '^^ Sh ° Win9 ^ PO-arization-maintaining optica, fiber 

of ^Z^Un^ 5 *'^™ 1 Sh ° Win9 ^ — th-doped polarization-maintaining optica, fiber 
of ZZ™u™:Z° SMi ™ 1 Sh ° Win9 ^ ra - earth - d °P ed Polarization-maintaining optica, fiber 
of £7°^™^'^™* *™ MQ Polarization-maintaining optica, fiber 

of th? p r S e 1 nnnl a r S " S " ti0nal Sh ° Win9 *" Polarization-maintaining optica, fiber 

dnn^T "S Sh ° WS thS refractive - index distribution along the direction of the x axis for the rare-earth- 
doped polanzation-ma.nta.ning optical fiber of the present invention 

HnrwS 9 ^? Sh ° WS refractive - ind ox distribution along the direction of the y axis for the rare-earth- 
doped polarization-maintaining optical fiber of the present invention 

rtnri?™ e J 7 i? Sh ° WS refractive - index distribution along the direction of the y axis for the rare-earth- 
doped po.ar.zat.on-ma.nta.ning optica, fiber of the present invention 

nm-riSE 17(d) t Sh0WS the mode ^distribution along the direction of the x axis for the rare-earth-doped 
polarizat.on-ma.nta.ning optical fiber of the present invention P 

nmJS? 8 17(e) f shows the mode distribution along the direction of the y axis for the rare-earth-doped 
polar.zat.on-ma.nta.ning optical fiber of the present invention P 

of theTr^ Sh ° Win9 rare - earth - d °P ed Polarization-maintaining optica, fiber 

of ^eslnU^:Z 0SS ' SeC "° nai Sh ° Win9 rare - earth " d ^ d Polarization-maintaining optica, fiber 

of ^Z^n^ 0SS ' SeCti ° nai Sh ° Win9 rare - earth - d °P- d Polarization-maintaining optica, fiber 

of th?prseSe^o? SS * SeCti0nal ShOWin9 ^ rare - earth " d °P ed Polarization-maintaining optica, fiber 

maint^ — ~* °< - dearth-doped po.arization- 

m^n^n' 6 19(b) cross - sectional view lowing another example of the rare-earth-doped polarization- 
maintaining optical fiber of the present invention. 

f'S!,Z f? i$ 3 S ! rUCtUra ' di39ram Sh ° Wing a " examp,e of the H 9 ht am P ,ifier of the present invention. 
2, oJV- dia9ram Sh ° Wing a " examp,e of the laser osci,lator ° f the present invention. 

optica?fiber " & Cr ° SS - SeCti ° nal view showin 9 an exam P' e of a conventional polarization-maintaining 

opticaffiber 22 ^ * * Cr ° SS - SeCtional view showin 9 an e * am P le °f a conventional polarization-maintaining 

optica?fiber 22(C) * Cr ° SS ' SeCtionai view showin 9 an exam P'e of a conventional polarization-maintaining 
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Figure 22(d) is a cross-sectional view showing an example of a conventional polarization-maintaining 
optical fiber. 

Figure 23 is a perspective view showing a conventional coupler. 

5 Preferred Embodiments of the Present Invention 

[Polarization-Maintaining Optical Fiber] 

A detailed explanation of the polarization-maintaining optical fiber of the present invention follows below. 
10 Figures 1 (a)~(f) all show examples of a polarization-maintaining optical fiber according to the present 

invention. 

The polarization-maintaining optical fiber 10 shown in Figure 1(a) comprises a cladding 11, which is 
made from a glass having a low refractive index and which is circular in cross-section, and two core 
portions 12a,12b, which are made from a glass having a high refractive index and which are also circular in 
15 cross-section. 

Core portions 12a,12b are disposed symmetrically with respect to a plane which includes the center 
axis O of the optical fiber 10. In other words, two core portions 12a,12b are disposed in array along a single 
diameter direction (x axis) of optical fiber 10. 

The diameters of core portions 12a,12b are identical, and are selected to be in the range of 2-10 urn, 

20 depending upon the operational wavelength and the relative refractive index difference for core portions 
12a, 12b. Moreover, the separation between one core portion, 12a, and the other core portion, 12b, is 
represented by the measurement / for the distance between the centers of each core portion 12a,12b 
shown in Figure 1(a), and is selected to be within the range of 0.5-3 times that of the radii of core portions 
12a,12b. Further, the relative refractive index difference for core portions 12a,12b and cladding 11 is in the 

25 range of 0.1 5-3.0%. 

Pure quartz, fluorine-doped quartz or the like may be employed as the glass which forms the cladding 
1 1 . Germanium-oxide-doped quartz, pure quartz, phosphorus-oxide-doped quartz, or the like may be used 
as the glass which forms core portions 12a,12b. The outer diameter of the cladding 11 is ordinarily 125 urn, 
however, it may take on a value of 80 urn, for example, as necessary. 
30 The example shown in Figure 1(b) differs from that of Figure 1(a), in that the core portions 12a,12b are 
both quadrate shape in cross-section. The quadrate shape may be square or rectangular. The long side of 
core portions 12a,12b is in the range of approximately 2-10 urn, and the short side is in the range of 
approximately 2-10 urn. Interval / is in the range of 1 to 3 times as large as the length of the 
aforementioned short side. 

35 The example shown in Figure 1(c) comprises four quadrate core portions 12a, 12b, 12c and 12d. These 
four core portions effectively cooperate to propagate a single fundamental mode. 

Further, in the examples shown in Figures 1(d) through 1(f), cladding 11 is elliptical in cross-section, the 
direction of the major axis thereof being identical to the direction of disposition of core portions 12a, 12b 
(12c, 12d). 

40 Figures 2 (a)-(e) diagrammatically shows a refractive-index distribution for the polarization-maintaining 
fiber shown in Figure 1(b), and the mode distribution for the fundamental mode which propagates through 
the core portions 12a,12b. Figure 2(a) is a refractive-index distribution along the x axis; 2(b) is a refractive- 
index distribution along the y axis; 2(c) is a refractive- index distribution along the y' axis; 2(d) is a mode 
distribution along the x axis; and 2(e) is a mode distribution along the y axis. 

45 From these figures, the mode distribution along the x axis extends to the portion of the cladding 11 
between core portions 12a,12b, and is considerably different from the refractive-index distribution. More- 
over, the mode distribution along the y axis is almost identical to a mode distribution for a conventional 
single mode fiber. 

The difference of the mode distributions along the x axis and the y axis breaks circular symmetry, 
50 which reduces geometrical birefringence Bg in the fiber and enables the fiber to maintain polarization. 

Furthermore, if glass having a larger coefficient of thermal expansion than that of the glass which forms 
the cladding 11 is used for the glass which forms core portions 12a,12b in the polarization-maintaining 
optical fiber of the present invention, then the anisotropic internal stress arises in the core portions I2a,l2b 
in the drawing process. This internal stress induces stress birefringence Bs. As a result of this as well, then, 
55 polarization maintenance arises. Because this stress-induced birefringence Bs adds to the geometrical 
birefringence Bg, the total birefringence B becomes large. 

Figures 3(a)-(d) all show other examples of the polarization-maintaining optical fibers of the present 
invention. 

7 
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portions ETS^rS ^ t' 31 fib6r Sh ° Wn " R9Ure 3(3) h3S 30 ° dd nUmb6r < three > of core 
portions 12a 12b and 12c. The center core portion. 12a, is disposed so that its center may coincide with 

he center axis O of the optical fiber. The separation between the core portions ,2a, 12b and 12c andtte 
relative refract.ve index difference between cladding 11 and the core portions 12a, 12b and 12c are as in 
the previous example. °" u are as m 

• TjT r 'j? tWS example ' " is not absolutely necessary for the center core portion 12a and the center 
ax,s O of the fiber to coincide. Further, the shape of each core portion may be quadr^e as in ^pr^ous 
example, and the shape of the cladding 11 in cross-section may be elliptical. As shown in Figure 3 b the 

in cros^or'ThusT J" 9 " T- are Shaped ,ike ^ cu ™9 commas 

in cross section. Thus, .n this invention, rt is not necessary to employ shapes which are symmetrical in 

cross-section of a core portion, such as an ellipse, quadrate or the L Further, as sho^in F Zf S it 

,s also poss,b.e for each of the core portions 12a,12b, respective.y, to have different cJ^SS^SS^ 

Moreover. ,t ,s not necessary for the refractive-index distribution of one core pomon to be TdlS as 

shown ,„ Figure 2 a). For example, as shown in Figure 4(a), a refractive-index distributer whTch is oSLd 

*z^z^z^z n in R9ure 4(b) - * e re,ative re,ractive ind - ~ ™v - ss 

[Example 1] 

diam U ei?30 e mm A ?en m n r°?n qUa f * ^ ^ ^ ^ added <9 ,ass rods *» «« — . 

diameter 30 mm, length. 150 mm) were prepared. The concentration of Ge0 2 with which these class bars 

Toure s'Sa apPr ° ximately 9% b * «**t — the relative refractive index difference glass 8 ^ 

a pure silica base was approximately 0.6 %. 

Next, these glass bars were elongated by heating at approximately 1 700 -C in a heating furnace to 
glass rods of diameter 5 mm which form the core portions 

. P nnfh P nT%nn iCa 9 ' aSS ^ WhiCh f ° rmS the daddin9 and which has an °"ter diameter of 40 mm and a 
length of 200 mm, was prepared separately. Two insertion holes of diameter 5 3 mm weT drilled 
symmetrically wrth respect to the center axis of the glass rod, at a interval of 2 5 mm theTetetvTeen nI« 
the aforementioned Ge0 2 -doped quartz glass bars were inserted respectively into^eselnte^ hotes' 
heated and collapsed to obtain the intermediate preform of the dimensions shown in Figure 5 ' 
This intermediate preform was heated and elongated, and quartz glass which forms the claddino was 

zzzT^:;z r £ ™r th r of using a known °*«2»<»#- *iz M zz 

A si ohTr/onl i WaS draWn mt ° an ° PtiCal fib6r havin 9 the structure sh ™n in Figure 6. 
obtafned IS fiber" Hn Pr ° pa9ati ° n ° ver a short transmission distance was observed for the thus- 

eSctivelv The da a fnr I T' ."liT* ° n ' y the fund ^ental mode could propagate 

effectively. The data for this optical fiber is shown in Figure 1. Further when it is necp^arv t« II Jl 
non-essentia, secondary mode, a very short single mode'fiber ^ ^ """" *" 
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5 


cutoff wavelenqth 


approx . 1.5 |im 




wavelength of liqht used 


1.55 |lm 


10 


mode field 
diameter 


long 

diameter 


approx. 7 |im 


15 




short 
diameter 


approx. 5.5 |lm 




modal biref r inqence B 


approx. lxlO" 4 



20 



Px : propagation constant along 
x axis 



py : propagation constant along 
y axis 



X: wavelength 



40 The optical fiber obtained in this way has sufficient characteristics as a polarization-maintaining optical 
fiber, and its production is carried out easily as described above. 

[Example 2] 

45 Using the VAD method, GeC>2 -doped quartz glass bars (diameter 7 mm) which form the core portions 

were prepared. The concentration of doped Ge02 was approximately 30% by weight, and the relative 

refractive index difference from a pure silica base was approximately 2%. 

Moreover, a fluorine-doped quartz glass bar (diameter 50 mm) which forms the cladding was prepared. 

The relative refractive index difference from a pure silica base was approximately -0.3%. 
so Next, three insertion holes of diameter approximately 7.3 mm were drilled in the glass bar which forms 

the cladding. The interval of hole centers was set to be 10 mm, and the center of one insertion hole was 

designed to coincide with the center axis of the glass rod for core use. 

The glass rods for core use which form the core portions were inserted into these insertion holes, ' 

heated, and collapsed to form the intermediate preform. 
55 Next, this intermediate preform was heated and elongated, and, using the rod-in-tube method, a 

cladding of sufficient thickness was formed to the outer periphery thereof to form the final preform. This 

preform was formed by elongation to form the cladding. The preform was drawn to obtain an optical fiber 

having the structure as shown in Figure 3(a). 
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approximately 2 3% " SnCe ,hs> 00,5 P 0 " 1 "" 5 •» ««»ng was 

b. J^^rs^ci^^Si'sr r shomn in TaCte 2 From ,he — * -» 

Hu^ai nner possesses excellent polarization-maintaining characteristics. 
Table 2 



w 



15 



20 



25 



30 



35 



cutoff wavelength 


1.52 nm 


transferred wavelength 


1.55 urn 


mode field diameter 


long diameter 


approx. 12 urn 




short diameter 


approx. 6 urn 


. modal index of birefringence B 


approx. 3x1 0~ 4 


crosstalk between polarization modes (fiber length 2 m) 


approx. 35 dB 



40 



45 



50 



55 



[Method of Production for Polarization-Maintaining Fiber] 

"T!: Thrau 9 h appropriate means, the glass rods 23... for core use are aff xedl the glass rod 
the ^i^^Sr^S 8 !?^ C ° r 7 Se 9 ' aSS 21 f ° r C ' addin9 USS is heated - ^ng 
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rod 21 for cladding use are identical, it is not possible to distinguish therebetween. Moreover, due to the 
transfer of melted glass which occurs in order to fill the aforementioned gap in insertion hole 22, the shape 
in cross-section of the core main body 24 of the glass rod 23 for core use deforms from a circle to an 
ellipse. 

5 However, while such a shape deformation of the core main body 24 does induce a slight variation for 

the polarization-maintaining characteristics of the obtained polarization-maintaining optical fiber, there is 

almost no effect on its optical properties. 

In other words, in this new type of polarization-maintaining optical fiber, even if the refractive-index 

distribution of the plurality of core portions deforms slightly from its ideal shape, there is almost no change 
70 in the power distribution of the propagation mode. As a result, even if the core portion is elliptical in shape 

as shown in Figure 8, it shows optical characteristics which do not differ from the case where the core 

portion is circular. 

In such a production method, the production of the glass rod 23 for core use is the same as the 
production of a preform used for a single mode optica) fiber. Moreover, because there may be only one 

75 insertion hole 22 in the glass rod 21 for cladding use, the work is easy. Because it is possible to appropriate 
a commercially available high purity quartz glass pipe as is, there are no technical difficulties encountered, 
and production can be carried out extremely easily. Thus production costs are made inexpensive. 

Figure 9 shows another example of the production method of- the present invention. As shown in the 
figure, a plurality (two) of glass rods 23 for core use and a plurality (five) of dummy glass rods 26 are 

20 disposed bundled together, and inserted into insertion hole 22 of glass rod 21 for cladding use. The entire 
assembly is then heated, forming a unitary body (collapses), and drawing is carried out. The glass material 
forming the aforementioned dummy glass rods 26 is selected to be identical to the glass material which 
forms glass rod 21 for cladding use. and to have the same refractive index. 

In this method, the proportion of space occupied by the gap in insertion hole 22 is smaller as compared 

25 to the previous example. For this reason, the deformation in shape of the core main body 24 of glass rod 23 
for core use becomes small, and a core portion having a cross-sectional shape which is close to circular 
can be obtained. 

Moreover, as another production method, there is a method wherein a plurality of glass rods for core 
use, these to form the core portions, are disposed with a predetermined interval therebetween, and fixed 
30 together at both ends thereof. With this as the starting substrate, a glass soot which forms the cladding is 
deposited using an outside vapor phase deposition method. After making a transparent glass and thus 
forming the preform, this preform is drawn. 

As explained above, by means of the present invention, it becomes possible to produce extremely 
easily a polarization-maintaining optical fiber which has a simple structure and, moreover, for which the 
35 polarization-maintaining capability is excellent. Further, there is no need to use a large concentration of 
dopant as in the conventional PANDA type fiber, thus the cost for raw materials is kept low. 

Further, in the production method for the polarization-maintaining optical fiber of the present invention, a 
glass rod for core use having a core main body which forms a plurality of core portions is simultaneously 
inserted into a hole in the glass rod for cladding use which forms the cladding and which has a single hole 
40 therein, and, after heating to form a unitary body, is drawn. For this reason, this new type of polarization- 
maintaining optical fiber can be produced simply, with good efficiency at a low price. 
Concrete examples follow below. 

[Example 3] 

45 

Using the VAD method, a glass preform for core use was formed. This then was elongated by heating, 
producing two glass rods for core use. The outer diameter thereof was 2 mm, while the length was 200 mm. 
The outer diameter of the core main body was 1 mm. The core main body comprised Ge02 -doped quartz 
glass, whiJe the outer periphery portion comprised quartz glass. The relative refractive index difference was 
so approximately 1.6%. 

In a separate process, a commercially available high purity quartz glass pipe (inner diameter 5 mm, 
outer diameter 50 mm) was prepared as the glass rod for cladding use. Two glass rods for core use were 
aligned, inserted into and disposed within an insertion hole in the thus prepared glass rod for cladding use. 
This was then formed into a unitary body by heating at 1200 *C, yielding the preform. 
55 This preform was drawn from one end thereof, obtaining a polarization-maintaining optical fiber. 

This polarization-maintaining optical fiber displayed the following optical characteristics. 
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75 



20 



25 



30 



35 



core portion-cladding comparative refractive index difference 
shape of core portion 

distance between centers of core portions 
modal birefringence B 
wavelength used 
cutoff wavelength 



short diameter 
long diameter 



approx. 1 .6% 
approx. 1 .7 urn 
approx. 2.2 urn 
approx. 2 urn 
approx. 1x1 0~ 4 
1.3 urn 
approx. 1 um 



70 



40 



45 



50 



55 



[Example 4] 

mat T he on° re T ° f the ° btained Po'arization-maintaining optical fiber had a long diameter of anoroii 
mately 2.0 um and a short diameter of approximately 1.9 urn, and was very close to circTarTn si? 
opt.cal characteristics thereof were almost identical to those of oonoretT^Z T^T u 
determined that the cutoff wavelength had become slightly longer. P ° * WaS 

[Polarization-Maintaining Optical Fiber Coupler] 

°m^<^Z"J^^JZTZ '% f0m,0d , "" > " >Vin9 8,8 »«> re ™«>™*< l»**-»Hn*t*lnB 

srs rr^zs 1 ^ -j-r* 0 - Ma in ^ - £££££££ 

A concrete example follows below. 
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[Example 5] 



The following was employed as the polarization-maintaining optical fiber. 



relative refractive index difference between core portion and cladding 


approx. 1 .6% 


number of core portions 


2 


shape of the core portions 


circular, diameter approx. 2.0 urn 


distance between centers of core portions 


approx. 2.2 urn 


modal birefringence B 


approx. 1x10"* 


wavelength used 


1.3 Urn 


cutoff wavelength 


approx. 1 .2 um 


cladding diameter 


80 um 



15 Two of these polarization-maintaining optical fibers were contacted so that the planes of polarization 

thereof were mutually parallel, and a coupler was formed by heating with an oxyhydrogen flame, fusing, and 
elongating. 

The obtained coupler had a distance between core portions of approximately 40 um, a degree of 
coupling of 10%, and an excessive loss of 0.1 dB (wavelength used: 1.27-1.34 um). 
20 Further, when the degree of fusion was made large, and the distance between the core portions was 

made 25 um, then the degree of coupling changed to 50%, and the excessive loss to 0.15 dB (wavelength 
used: 1.27-1.34 um). 

[Connection Method for Polarization-Maintaining Optical Fiber] 

25 

Next, an explanation will be made of the connection method for the polarization-maintaining optical fiber 
of the present invention. In this polarization-maintaining optical fiber connection method, when fusion 
connecting the polarization-maintaining optical fibers of the present invention, the vicinity of the connection 
point is heated before or after connection. 

30 As compared to conventional polarization -maintaining optical fibers such as a PANDA type fiber or the 
like, the polarization-maintaining optical fiber of the present invention in particular offers the advantage of 
having a simple structure and being extremely easy to produce. Thus, it can be provided at low cost. 

As shown in Figure 13, when viewed in cross-section on a plane perpendicular to the direction of light 
propagation, the mode distribution of the propagation mode of this polarization-maintaining optical fiber is 

35 elliptical in shape. The degree of ellipticity does not take on a specific value, but the degree of freedom is 
large. 

Even when using this polarization-maintaining optical fiber as a transmission line, a fiber optical part or 
the like, it is not possible to avoid connecting the fibers. 

In the connection of these polarization-maintaining optical fibers, the mode distribution of the polariza- 
40 tion-maintaining optical fiber itself is elliptical in shape, as described above. Moreover, the degree of 
ellipticity is not fixed. Accordingly, the mode distribution about the connection point may be discontinuous. 

Figures 14 (a)~(d) diagram matically show the state of discontinuity of the distribution of the electric field 
of the modes for two of the fibers at such a connection point. Figure 14(a) shows the case where the planes 
of polarization are congruent, but the degree of ellipticity of the mode distributions is different and in 
45 discontinuity. Figure 14(b) shows the case where the planes of polarization are mutually perpendicular. 
Figure 14(c) shows the case where the planes of polarization intersect at 45° angles respectively with the 
reference plane. Figure 14(d) shows the case where the polarization planes deviate from being in parallel. 

The discontinuity of the mode at connection points such as these naturally appears as connection loss. 
Further, in special applications, for example, carrying out connection in a depolarizer by inclining the 
so polarization planes 45 • , the connection loss at such connections further increases. 

A polarization-maintaining optical fiber wherein the dopant added to the core portion which raises the 
refractive index is germanium oxide (Ge0 2 ) is selected as the polarization-maintaining optical fiber which is 
the object of the connection method according to the present invention. As a result of heating, the 
germanium oxide diffuses rapidly from the glass of the core portion to the glass of the cladding portion. The 
55 refractive-index distribution for the core portions, that is, the shape of the mode distribution, deforms easily 
from an elliptical shape to a circular shape. 

The heating region when heating encompasses an area of approximately 5-10 mm on either side of the 
center of the connection point. The heating temperature is in the range of 1500-1 700 °C, and the heating 
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> In this way, by means of the polarization-maintaining optical fiber connection m^ihnH rt f *« 

A concrete example follows below. 
[Example 6] 

Approximately 5 meters of these polarization-maintaining optical fibers were cut off and th« r« ne ♦■ 
[Rare-Earth-doped Polarization-Maintaining Optical Fiber] 

in V en»^ eXPl ,? nati0n K 0f rare " earth - do P^ polarization-maintaining optical fiber according to the present 
invention Jl now be made. In this rare-earth-doped polarizaflon-maintaining optical fiber the core wrtfons 

a JlF ? ' n K erPOSed ^ C ° re POrti ° nS in the Po'arization-maLini nT^^^TZ 

present invention have been doped with a rare earth element. 
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Figures 16 (a)~(f) alt show examples of the rare-earth-doped polarization-maintaining optical fiber 
(hereinafter, abbreviated as REDPMF) of the present invention. 

The REDPMF shown in Figure 16(a) is formed from a cladding 28 which is made from glass having a 
low refractive index and which is circular in cross-section, and two core portions 29a,29b which are made 
5 from glass having a high refractive index and which are circular in cross-section. 

Core portions 29a,29b are disposed opposite to each other and in plane symmetry with respect to a 
plane which contacts the center axis O of the optical fiber and which extends along the direction of the 
center axis. 

The respective diameters of core portions 29a,29b are identical, and are selected to be in the range of 

io approximately 2-10 urn, depending on the wavelength employed and the relative refractive index difference 
for core portions 29a,29b. Moreover, the interval of space between one core portion, 29a, and the other core 
portion, 29b, is represented by the measurement / for the distance between the centers of each core portion 
29a,29b shown in Figure 16(a), and is selected to be within the range of 0.5-2.5 times that of the radii of 
core portions 29. Further, the relative refractive index difference for core portions 29a,29b and cladding 28 

75 is in the range of 0.15-3.0%. 

Pure quartz, fluorine-doped quartz or the like may be employed as the glass which forms the cladding 
28. Glass wherein a rare earth element such as Nd, Er, Sm or the like, and, as necessary, Al 2 0 3 , has been 
added to germanium-oxide-doped quartz, pure quartz, phosphorus-oxide-doped quartz, or the like, may be 
used as the glass which forms core portions 29a,29b. The outer diameter of the cladding 28 is ordinarily 

20 125 urn, however, this dimension may take on a value of, for example, 80 urn, as necessary. The doping 
concentration of the rare earth element is in the range of 300-2000 ppm (by weight), while the doping 
concentration of AI2O3 is in the range of 5-15 times the doping amount of the rare earth element. 

The example shown in Figure 16(b) differs from that of Figure 16(a) in that the shape of the core 
portions 29a,29b are both quadrate in cross-section. The quadrate shape may also be square or rectangu- 

25 lar. The long side of core portions 29a,29b is in the range of approximately 2-10 urn, and the short side is 
in the range of approximately 2-10 urn. Interval / is in the range of 0.5 to 2 times the length of the 
aforementioned short side. The example shown in Figure 16(c) comprises four quadrate core portions 29a, 
29b, 29c and 29d. These four core portions cooperate to propagate a single fundamental mode. Further, in 
the examples shown in Figures 16(d) through 16(f), cladding 28 is elliptical in cross-section, the direction of 

30 the major axis thereof being the same as the direction of disposition of core portions 29a, 29b (29c, 29d). In 
the examples in Figure 16 (b)-(f) as well, the doping with a rare earth element and, as necessary, AI2O3, of 
the core portions 29a, 29b, 29c... is the same. 

Figure 17 diagrammatically shows a refractive-index distribution for the polarization-maintaining optical 
fiber shown in Figure 16(b), and the mode distribution for the fundamental mode which propagates core 

35 portions 29a,29b. Figure 17(a) is a refractive-index distribution along the x axis; 17(b) is a refractive-index 
distribution along the y axis; 17(c) is a refractive-index distribution along the y' axis; 17(d) is a mode 
distribution along the x axis; and 17(e) is a mode distribution along the y axis. From these figures, the mode 
distribution along the x axis extends to the portion of the cladding 28 between core portions 29a,29b, and is 
considerably different from the refractive-index distribution. Moreover, the mode distribution along the y axis 

40 is almost identical to a mode distribution for a conventional single mode fiber. 

For this reason, the mode distributions along the x axis and the y axis differ, showing honaxi symmetry. 
As a result, a geometrical birefringence Bg is generated, giving rise to polarization maintainability. 

Furthermore, if glass having a larger coefficient of thermal expansion than that of the glass which forms 
the cladding 28 is used for the glass which forms core portions 29a,29b in the REDPMF of the present 

45 invention, then nonaxisymmetric internal stress which is generated when drawing arises in core portions 
29a,29b themselves. This internal stress induces stress birefringence Bs. As a result of this as well, then, 
polarization maintenance arises. Because this stress-induces birefringence Bs adds to the geometrical 
birefringence Bg, the total birefringence B becomes large. 

Figures 18 (a)-(d) all show other examples of the REDPMF of the present invention. The REDPMF 

50 shown in these examples differs from that shown in Figure 1 in that it has an odd number (three) of core 
portions 32a, 32b and 32c. From among this odd number of core portions, the core portion in the center is 
positioned to be at the center axis O of the optical fiber. The other core portions are disposed 
symmetrically with respect to the center axis O. These core portions 32a, 32b, 32c... are of course doped 
with a rare earth element and, as necessary AI2O3. 

55 However, as shown in Figure 17(d), in the REDPMF of the present invention, optical power is 

propagated by the portion of the cladding which is in the region having a low refractive index interposed 
between core portions 29a,29b. Further, in conventional amplifiers which employ a rare-earth-doped optical 
fiber, it is known that the region doped with the rare earth should be limited to a region of strong optical 

15 
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2™T d0ped w " h a n ™ Mrth *"» •» example In Hours 19lbl In. two 

, r^sssr* 33a33b ,n,< " posea b """ n ,hre * — -fsi^s* 

Further, in the REDPMF el the present invention, s rsrs ssrth slomsnt and as neeassarv At n ™ 
tvn/i?^? ^r^ 6 iS SimPlS thGre iS 00 ^-applying part, the production of a REDPMF of this 

polarization axes'from Xte2£TZcol Q *LT ° ,nCO ~ CeS arise as the -onmert of the 
in ^ 9 rn e 2 ° t f ° WS an example of a «0W amplifier which employs the REDPMF of the present invention 

L 38 is a secoTr f eXdtati ° n ' i9ht ^ 36 iS 3 « rSt <» «*P*. ^ TZ REDPMF 
* V , u ! COUP ' er - The S,9nal M 9 ht is in P"t to the first port of the first couoler 36 and VhP 

Z J 9 VT 30 eXCitati ° n ,iQht S ° UrCe 35 is input to the ^nd port of he fiTst^oupte. 36 The 
rSmf The in ,TT ^ ^ ° UtPUt fr ° m the third port of the ** 3? andtpufto *e 

oort of th'/ c T T and the eXCitati ° n ' i9ht whiCh were am P |ified in REDPMF 37 are input to the fitt 
port of the second coupler 38. The signal light and the excitation light are divided here and the air mH 2 

ttw. 2 I eXamP ' e ° f 3 ' aSer ° SCil,at0r which utili2es the REDPMF of the present invention In 

the figure the numeral 39 is a ring shaped resonator which wraps around the REDPMF 40 !s an isolafo 4? 
js an exctaton hght source, 42 is a multiple wavelength type first coupler, and 43 is a second couoter 
havng a small degree of coupling. The excitation light from the excitation light source 41 !s couo.ed aid 
mput from the first coupler 42 to the ring shaped resonator 39, and oscHlateS her The ^oscillaZ tioht is 

firsT^uZ 42 T 9 iS; p : f d t r onato : z rr ond coup,er 43 - wahout ™^ «« 

oufsiS 6 0SC " lated " 9ht iS C ° Up,ed at the second cou ^ r 43, and is output to the 

T^e7 a rf variewo? ZlZZZ ? ^ ** the REDPMF of the P rese " inv -tion. 

which forms the J" JO" production meth ° d - A * a first example, a columnar glass rod 
wh.ch forms the cladd.ng ,s prepared. This glass rod comprises pure quartz fluorine-dooed auartz or Z 
■ke and ,s produced using a known method such as the VAD method or the like Next ^ a^ulraX of hoS 
for msertmg the glass bars which form the core portions into this ^rS^^S^S^^^ 
inner surfaces of these holes undergo polishing. The drilling position of the holeTis deSmine^ so a, tn 
have an analogous relationship with the obtained optical fiber determ.ned so as to 

pmri 3 Separate , pr ° cess ' m e glass bars which form the core portions were formed These qlass bars 

pure Z^TttT- "T ^n° rmin9 3 S ° 0t Pre, ° rm COmpriSi "9 9ermanium oxide-doped qua" 
! q o artZ ' t ° r h the usip 9 ^e VAD method, etc., and then impregnating the soot preform with a raTe 
of ErCI ; mL" 3 , 9 K ^ 3 rare - earth - elem -t solution such as an aqueous hydrochforic ac^ 
^^^^l^^^^ — ° f - ^ - - - -se 

forms' 'rLT* 3 bat *: hich f0rm the core P ort ions are inserted into the ho.es in the glass rod which 
forms the cladd.ng. and the enfre assembly is heated, collapsing it to form the preform, ly then drawing 



16 

EP .06377S2A1.I > 



EP 0 637 762 A1 



the preform, the desired REDPMF is obtained. Moreover, as necessary, glass which forms the cladding 
may be further formed to the outer peripheral surface of the preform by means of an outside vapor phase 
deposition method, and then drawn. 

Further, as another production method, a plurality of glass bars which form the core portions are 

5 disposed at predetermined intervals, and affixed at both ends thereof. With this as the starting substrate, a 
glass soot which forms the cladding is deposited using an outside vapor phase deposition method. After- 
forming the preform by forming a transparent glass, the preform is then drawn. At this time, when 
depositing the glass soot which forms the cladding, if a method is employed when the soot is deposited 
between the plurality of glass bars which form the core portions wherein this assembly is soaked in a rare 

io earth element solution as described above to impregnate the soot with the rare earth element, and then, 
once the transparent glass has been formed, the glass soot which forms the cladding is further deposited 
on top of this, then a REDPMF can be obtained having a rare-earth-doped portion of the cladding which is. 
between core portions and which is in a region having a low refractive index. Further, if an assembly 
wherein the glass bars which form the core portions are doped with a rare earth element is employed, then 

75 a REDPMF haying rare-earth-element-doped core portions and a rare-earth-element-doped cladding portion 
interposed therebetween can be obtained. 

As explained above, by means of the present invention, a REDPMF which has good polarization- 
maintaining characteristics, superior light amplification functions, and for which the alignment of the 
polarization axes when fusion connecting is easy, can be obtained. Further, because the structure is simple, 

20 production becomes easy and provision at a reasonable cost can be accomplished. Further, it becomes 
possible to obtain at a low cost a laser oscillator and light amplifier which output an output light having 
excellent polarization characteristics. 
A concrete example follows below. 

25 [Example 7] 

Using the VAD method, a Ge02-doped quartz glass soot preform was formed. The concentration of 
GeC>2 with which this soot preform was doped was approximately 15 mole percent, and the relative 
refractive index difference with quartz was 1.5%. After impregnating this soot preform with an aqueous 
30 hydrochloric acid solution of erbium chloride and an aluminium chloride solution, a dehydration process was 
carried out and transparent glass was formed. By this process, a glass rod, which forms the core portion, is 
obtained wherein the concentration of erbium added is 800 ppm, and the concentration of aluminium added 
is 9000 ppm. 

In a separate process, a fluorine-doped quartz glass rod which forms the cladding is formed using the 
35 VAD method. The relative refractive index difference between this rod and quartz glass was -0.4%. Two 
insertion holes were drilled symmetrically about the center axis of the rod, and underwent optic polishing. 
Then, the aforementioned glass bars which form the core portions were inserted respectively into these 
insertion holes, and heated to form a unitary body, thus obtaining an intermediate preform. This intermedi- 
ate preform was heated and elongated, and quartz glass which forms the cladding was further formed to the 
40 outer surface thereof using a known outside vapor phase deposition method to create the preform. This was 
drawn, obtaining a REDPMF having the structure as shown in Figure 16(a). The diameter of one core 
portion of the REDPMF was 2.0 urn, the relative refractive index difference was 1.9%, the distance between 
the centers of the core portions was 2.8 urn, the index of birefringence was 1.0 x 10" 4 , and the cutoff 
wavelength for the secondary modes was approximately 1.2 am. At a wavelength of 1.3 urn, it was possible 
45 to operate this REDPMF as a polarization-maintaining optical fiber. 

The light amplifier shown in Figure 20 was formed employing this REDPMF. After setting the length of 
REDPMF to 30 m, the wavelength of the excitation light to 0.98 urn, the output thereof to 30 mW, and 
inputting a signal of wavelength 1.553 urn, light amplification operations where the gain was 25 dB and the 
noise figure was 3 dB were performed. 

50 

[Example 8] 

Using the VAD method, a GeCVdoped quartz glass bar was formed. The concentration of Ge0 2 doped 
was approximately 15 mole percent, and the relative refractive index difference with quartz was 1.5%. This 
55 glass bar was heated and elongated to yield the glass rod which forms the core portion. 

In a separate process, a pure quartz gfass preform was formed using the VAD method. In the same 
manner as in Example 1, erbium and aluminium were added, and a glass bar was formed wherein the 
doping concentration of erbium was approximately 1000 ppm and the doping concentration of aluminium 

17 
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was approximately 10,000 ppm. 

fnJTh*' ^ erbium/alumini ^-doped glass bar was disposed in parallel between two glass bars which 

^^*£22? ^ 3ffiXed 3t b ° th 6ndS thBre0f t0 f ° rm ,he Startin 9 -bstrate A gis soS 
wh,ch forms the cladd.ng compnsmg pure quartz was deposited and transparent glass was formed to create 

^T^^^ WaS ^ awn rf ' n this • a REDPMF was produced" such as shoTin Rgut 

^onstSto ^ ,0 ^ POrti ° n ° f the C ' addin 9 333 between two core 

The diameter of the core portion of this REDPMF was approximately 2.0 urn, the relative refractive 
of bTre d ^r nCe ^ 1 - 5% ' ^ diamet6r ° f ,he was approximate^ urn htSx 

2 9 urn an^r W3 f apDrOX ' m ^ 10 * ^ »• distance between the centers of the core portions was 
25 urn and the cutoff wavelength of the secondary modes was approximately 1 .2 urn. The operations 71 

Howe^e no ^n e oo^ ^ ^ ^ dU& t0 the additi °" of tha 

However, no effect on polarization-maintaining functions could be determined 

A laser oscillator such as shown in Figure 21 was formed employing this REDPMF Using a multiole 
wavelength coupler of wavelengths 1.48 urn and 1.55 urn for the f.Vst coupler 42 a 1 53 urn lierZE 5 
output approximately 5 mW was obtained at an excitation light input of approximate." 50 mW 9 

Industrial Applicability 

in an In^llZt ^ ^ iar ^ ion -^^9 optical fiber of the present invention can be emp.oyed 

m an optical fiber sensor or the like. Further, by doping the optical waveguide portion of this oolarizafion 
maintaining optica, fiber with a rare earth element, it is possible to use the po^c^^SSTSS 
fiber ^of the present invention in a light amp.ifier or a .aser osci.lator. Moreover by contact^ Tc Znorc o 

U^r^Z w'r^ 9 ° PtiCa ' fib6rS ' and heatin9 ' fusin 9 and elon 9 a «"9 them, utiSon I an opla 
fibe coupler which carries out light branching, mixing, wave division and wave multiplexing while maS 
mg the polarization of the propagated light becomes possible mu.tip.ex.ng wh.le ma.nta.n- 



Claims 



l P a r T ma ' ntaininQ ° PtiCal fib6r Wherein a pluralit y of core Potions each of which has a hiah 
SS" 4 "" Pr ° vided in parallel a, on 9 a single diameter direction in the cross section o, «d 
optical fiber, and wherein said core portions cooperate to propagate a single fundamental mode 

2 ' i P°' arization - maintainin 9 optical fiber according to claim 1 wherein the relative refractive index 
difference of said core portion is 0.15-3.0%. 8 aex 

3 " n V otesT s d f^t Cti °r n i 0r i f P olari2ation - main t a ining optica, fiber characterized in that a p.urality of 
holes are formed longitud.nally ,n parallel along a single diameter direction of a glass rod for cladding 

core ooZ 3 ' OWrefraCt : e index ' 9 ,ass ™* «* ™° «e having a high refractive index which form 

SE^s^sr" said ho,es - a preform is formed by - *- a «— y ^, ^ 

4 ' lTc eth0 H d f ° f Pr ° ducti0n for a Polarization-maintaining optical fiber according to claim 3 wherein said 
glass rod for core use comprises a core main body having a high refractive index which fomns the co e 
porton .and an outer periphery portion having a low refractive Index which is formed to The outer side 
of said core mam body, and wherein the refractive index of said outer periphery portion has the same 
refractive index as that of said glass rod for cladding use. 

5. A m etnod of production for a polarization-maintaining optical fiber according to claims 3 or 4 wherein 
said core mam body comprises germanium-doped quartz glass. ' 660 

6 ' elonaaZ^^ ^ COUPler f ° rmed Dy brin 9 in 9 into contact - bating, fusing and 

o Sh 9 h ZT* P° lar,2at ' on - mai "teining optical fibers in which a plurality of core portions each 
of which has a high refractive index are provided in parallel along a single diameter direction in the 
cross seCon of said optica, fibe, said core portions cooperating^ propagate a singt fundarie a 
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7. A polarization-maintaining optical fiber connection method characterized in that, when fusion connecting 
polarization-maintaining optical fibers in which a plurality of core portions each of which has a high 
refractive index are provided in parallel along a single diameter direction in the cross section of said 
optical fiber, said core portions cooperating to propagate a single fundamental mode, the vicinity of the 

5 connection point is heated before or after connection. 

8. A rare-earth -doped polarization-maintaining optical fiber which has a polarization-maintaining function 
wherein a plurality of core portions each of which has a high refractive index are provided in parallel 
along a single diameter direction in the cross section of said optical fiber, said core portions 

io cooperating to propagate a single fundamental mode, and wherein either one or both of the core 

portions and the cladding portion which is in a region having a low refractive index interposed between 
core portions are doped with a rare earth element. 

9. A rare-earth-doped polarization-maintaining optical fiber according to claim 8 wherein the relative 
75 refractive index difference is 0.15-3.0%. 

10. A light amplifier which employs the rare-earth-doped polarization-maintaining optical fiber of claim 8. 

11. A laser oscillator which employs the rare-earth-doped polarization-maintaining optical fiber of claim 8. 
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